In breeding records for 12 species of small mammals from 9 families in 3 orders, individuals with an inbreeding coefficient of 0 were classified as noninbred, those with inbreeding coefficients greater than 0 as inbred. Juvenile mortality was defined as all deaths prior to % of the age of sexual maturity for each species. It was significantly higher for inbred than for noninbred animals in 11 of the 12 species using a I-tailed sign test, and by Fisher's exact test in 3 species, Monode/phis domestica, Wiedomys pyrrhorhinos and Do/ichotis sa/inico/a.
Summary
In breeding records for 12 species of small mammals from 9 families in 3 orders, individuals with an inbreeding coefficient of 0 were classified as noninbred, those with inbreeding coefficients greater than 0 as inbred. Juvenile mortality was defined as all deaths prior to % of the age of sexual maturity for each species. It was significantly higher for inbred than for noninbred animals in 11 of the 12 species using a I-tailed sign test, and by Fisher's exact test in 3 species, Monode/phis domestica, Wiedomys pyrrhorhinos and Do/ichotis sa/inico/a.
The higher mortality of inbred young of the species with the largest sample size ,Elephan tulus rufescens, was irrespective of litter size and of the parity of the dam.
Breeding records from zoos, studbooks and research centres show that inbred young tend to have higher mortality rates than noninbred young in a variety of ungulate and primate species (Ralls, Brugger & Ballou, 1979; Ballou & Ralls, in preparation; Ralls & Ballou, in preparation) . Most of the species studied were fairly large in body size.
Comparable data on small mammals are of interest because many highly inbred strains of small mammals have been developed for use in biomedical research, where a mouse strain is not officially designated as inbred until it has been maintained by full sibling mating for at least 20 generations (Festing, 1979; Heiniger & Dorey, 1980) . The golden hamster, Mesocricetus auratus, is particularly interesting in that until a 2nd importation was made in 1971 (Murphy, 1971 ) all members of this species in captivity were descendants of a single litter captured in 1930 (Adler, 1948) .
We report here on the relationship between juvenile mortality and inbreeding in 12 species of small mammals at the National Zoological Park in Washington.
Materials and methods
Data were compiled for 12 species (Table 1) (NZP). Parentage and dates of birth and death or removal from the collection were recorded for each individual of each species studied. Founding individuals were assumed to be unrelated to each other and individuals subsequently added to the collection were assumed to be unrelated to the existing population and to each other unless the exact relationships of these individuals were known.
Inbreeding coefficients of each individual relative to the founding population were calculated using the computer program COEF (Morton, 1969) which employs the standard formula
where F is the inbreeding coefficient, n is the number of steps in a path from one parent of the individual through a common ancestor to the other parent, and Fa is the inbreeding coefficient of this common ancestor (Lasley, 1978) .
Individuals were classified as noninbred if the inbreeding coefficient was 0, as inbred if it was greater than O. In some cases it was not possible to determine which of 2 or more males present in a cage had sired a litter. If all the males present were unrelated to the mother of the litter, the young were classified as noninbred. If both related and unrelated males were present the young were excluded from the study. Descendants of these young were also excluded unless they could be classified as inbred on the basis of subsequent breeding records so that they were known to be inbred regardless of the status of their ancestors with unknown sires. The inbreeding coefficients calculated for such individuals may be underestimates because they are based on the assumption that the ancestors with unknown sires were not inbred. However, because we did not distinguish between different d~grees of inbreeding when tabulating the data, such underestimates would not affect our results.
Each animal was also classified as having 'lived' or 'died'. Ideally, studies of the relationships between inbreeding and juvenile mortality should be based upon the total mortality before reaching reproductive age (Cavalli-Sforza & Bodmer, 1971 ), but zoo animals are often transferred to other institutions before doing so. In our studies on ungulates (Ralls et al., 1979 (Ralls et al., , 1980 Ballou & Ralls, in preparation) we used 6 months of age as a cutoff point; individuals surveyed beyond this point were considered to have lived, while the remainder comprised our category of juvenile mortality. However, the age at which an animal reaches sexual maturity is related to its body size, and small mammals become sexually mature much earlier than large ones. Hence a cutoff age of 6 months would have been inappropriate in the present study, and we chose~of the age of sexual maturity. Individuals alive at that age were considered to have lived. We believe that using~the age at sexual maturity does not seriously bias our results because the majority of juvenile deaths are early. Rathbun, Beaman & Maliniak (in press) document this for the elephant shrew (Elephantulus rufescens) data from NZP. A few individuals were excluded because they had been transferred to other institutions before the cutoff date.
Details of the history of each colony, the num ber of individuals that were excluded because of unknown ancestors or status at~the age of sexual maturity, and the age of sexual maturity used for the species are given below. Sex ratios are expressed as males: females, so that 4: 5 indicates 4 males and 5 females.
Short bare-tailed opossum (Monodelphis domestica)
The colony started in May 1978 with 9 (4: 5) wildcaught animals from Brazil. As no other animals were added to the colony, all births resulted from matings among these lines. Although the colony is still in existence at DZR only births until 28 August 1980 were used in this study. Only 1 inbred litter of 11 offspring was recorded. A total of 153 births, 142 noninbred and 11 inbred, was used in the study. Since the age of sexual maturity for these animals is unknown, the youngest age at which a female gave birth was used (5 months).
Elephant shrew (Elephantulus rufescens)
The colony, which is still active at DZR, was started in 1976 with 22 animals trapped at Kibwezi, Kenya, and 1 captive-born male on loan to NZP. Only 1 other animal has been added since. Here we consider only births to 20 May 1980.30 individuals have been excluded. The age at sexual maturity was established by numerous DZR records (Rathbun et al., in press) .
Climbing rat (Tylomys nudicaudus)
The colony was started in 1971 with 2 males and 2 females and remained closed until dispersed in 1977 to other institutions.
individuals have
Ralls & Ballou been excluded. The 6 noninbred individuals had the same parents but were born in 2 litters. The youngest female to give birth was 3 months old, which we have taken as the age of sexual maturity.
Wied's red-nosed mouse (Wiedomys pyrrhorhinos)
The colony was founded with 2 males and 2 females in 1978 and remained closed until its dispersal in 1979. No individuals have been excluded. There was only 1 litter of 5 inbred animals, all of which died at 1 day of age. The youngest female to give birth was 2 months old, which we have taken as the age of sexual maturity.
4-striped rat (Rhabdomys pumilia)
The colony was founded in 1976 with 2 males and 2 females from the Frankfurt Zoo, the product of many generations of captive breeding. The colony was closed and no juvenile mortality was recorded until it was dispersed in 1979. No individuals have been excluded. There was only I litter of 2 noninbred animals; all other births were inbred. Although the age of sexual maturity is unknown, there were no recorded deaths of animals prior to 10 months of age, which certainly exceeds~the age at sexual maturity.
Salt-desert cavy (Dolichatis salinicola)
All births in this colony originated from a wildcaught pair acquired in 1972. All births to the end of September 1976 were used in the study, resulting in 12 noninbred and 6 inbred offspring. All noninbred offspring, although not of the same litter, were full sibs. All deaths occurred either before 1 month or after 4 months. Deaths before 6 months of age were considered as juvenile mortality, although the age at sexual maturity is unknown.
Acouchi (Myoprocta pratti)
The colony was founded in 1970 with 2 males and 2 females, which were probably related. A few animals still remain at DZR but we have considered only births to 18 December 1979. 13 individuals have been excluded. The age of sexual maturity ranges from 8 to 12 months (Kleiman, 1970) . We used a value of 9 months.
Zagoutis or Hispan iaIan hutia (Plagiodontia aedium)
This colony was initiated in July 1969 with 2 pairs, one wild-caught and the other on loan. Only 1 other animal was added to the colony (in 1971), but it did not produce any offspring. There have been no births at DZR since June 1979 so that all births have been included. The age of sexual maturity is unknown; however, the offspring that died were either younger than 15 days or older than
Inbreeding and juvenile mortality in small mammals 3'5 years of age -certainly older than the age at sexual maturity.
Degu (Octodon degus)
The colony was founded with 3 captive-born animals of each sex, probably related, which arrived in 1970 and 1971. The females were pregnant upon arrival so the sires of the ensuing births were unknown. 26 wild-caught animals (17: 9), which were assumed unrelated to' the existing stock, were added to the colony in 1973. We assumed that these animals were also unrelated to each other but it is possible that they were related. We considered only births to 22 May 1977. 73 individuals have been excluded. The age at sexual maturity is 6 months (Weir, 1974) .
Boris (Octodontomys gliroides)
The colony was founded with I: 2 animals in 1971 and was closed until dispersed in 1979. No individuals have been excluded. The age at sexual maturity is 5 months (D. Kleiman, personal communication).
Spiny rat (Proechimys semispinosus)
The colony was founded with 5:3 wild-caught animals in 1967 and was closed until dispersed in 1971. 22 births have been excluded. The age at sexual maturity is 3 months (Maliniak & Eisenberg, 1971 ) .
Punare (Cercomys cunicularis)
In May 1978, 6:4 wild-caught animals from Brazil were acquired by DZR. All subsequent births resulted from these founders since no other animals were acquired. Although the colony is still viable at DZR, only births to the end of July 1980 have been used in the study. The age of sexual maturity for these animals is unknown, but it has been assumed to be 4 months, the earliest age at which a female gave birth.
Results
The analysis of the DZR breeding records is shown in Table 1 . Juvenile mortality was higher in inbred than in noninbred young in 11 of the 12 species. In the exception, the 4-striped rat, there was no juvenile mortality at all. The overall trend towards a higher mortality rate in inbred young was highly significant (P = 0'0005, I-tailed sign test). Sample sizes were very small in 5 species: red-nosed mouse (n = 23); 4-striped rat (n = 25); salt-desert cavy (n = 17); zagoutis (n = 12); spiny rat (n = 28).
Furthermore, all inbred young in the red-nosed mouse and the short bare-tailed opossum were members of a single litter. However, even if the data on these 5 species are excluded from the 161 analysis, the trend towards a higher juvenile mortality rate in inbred young remains statistically significant (P = 0'0156). In this respect it is worth noting that small sample sizes decrease the power of a test, increasing the probability that a real effect will not be detected (Sokal & Rohlf, 1969) . The increased mortality rate of the inbred young was significant within a species in only 3 instances; short bare-tailed opossum, Wied's red-nosed mouse, and salt-desert cavy (P = 0'026, 0'000 and 0'006 respectively, Fisher's exact test). We were able to conduct a more detailed analysis of the data for the species with the largest sample size, the elephant shrew. Inbred young had a higher mortality rate whether they were born to primiparous or multiparous dams (Table 2) or in litters of I or 2 individuals (Table 3) , although this higher mortality rate was significant only in the case of young born to multiparous dams (Table 2) . There was no consistent relationship between inbreeding and litter size (Table 4 ).
Discussion
Inbred young had higher juvenile mortality rates than noninbred young in all but 1 of the small mammal species we surveyed; this trend was similar to those found in ungulates (Ralls et al., 1979) and primates (Ralls & Ballou, in preparation) . In the elephant shrew inbred young had a higher mortality rate irrespective of the parity of their dams or litter size. Detailed analysis of a similar data set on 12 ungulate species demonstrated that the higher mortality rate of inbred young could not be accounted for by population density, birth season, management changes, or differences between captive born and wild-caught, or inbred and noninbred, dams (Ralls et al., 1979; Ballou & Ralls, in press ).
The existence of successful inbred strains of laboratory mice does not imply that no deleterious effects are to be expected from inbreeding other species of small mammals (Frankel & Soule, 1981) . The effects of inbreeding wild house mice, Mus musculus, are often severe: Lynch (1977) found that only 2 of 14 lines survived after 6 generations of sibling mating, and Conner (1975) lost 5 of 10 strains by the 8th generation. Most attempts to develop inbred strains of laboratory mice are unsuccessful. For example, Bowman & Falconer (1960) found that 19 of 20 colonies of laboratory mice maintained by sibling mating became extinct by generation 12 because of the deleterious effects of inbreeding but the remaining colony showed no decline in litter size and became a successful inbred line.
Although quantitative records appear not to exist, similar difficulties were encountered by those who developed the inbred strains used so widely Classical early experiments were carried out on guineapigs by Wright (1922 Wright ( , 1977 . 35 inbred lines, maintained exclusively by sibling mating, were founded in 1906. Only 23 persisted long enough to yield substantial data. By 1917 only 18 strains remained and Wright decided to continue breeding only the 5 most prolific and to stop breeding the 13 strains that were not doing well. By 1924, a total of 29 310 inbred and 5105 control young had been born. In spite of the fact that only the most vigorous of the inbred lines survived to the end of the experiment, they were consistently inferior to the controls in number of young born, percentage of young born alive and raised to 33 days, weight at 33 days, and other characteristics.
Until 1971, all captive golden hamsters originated from 1 male and 2 females captured in 1930 (Adler, 1948) . A 2nd group of 12 was imported in 1971 (Murphy, 1971) . These animals were used to found inbred lines maintained by sibling mating at the Massachusetts Institute of Technology (MIT), where the 'usual and expected depression in breeding' occurred (P. Newberne, personal communication). Many of the lines failed and female fertility was low: of 1870 inbred females produced during the lifetime of the colony, 52% failed to breed and a further 14% either killed their 1st litter or failed to produce a 2nd (P. Newberne, personal communication).
The project at MIT concluded in 1978 and representatives of the 9 surviving inbred lines were sent to the University of Texas Health Science Center in Dallas. By 1981, because of in breeding and other factors, only 2 of these lines remained and the supervisor of the colony, William Duncan, commented (personal communication) that he found golden hamsters more difficult to inbreed than rats or mice. P. Newberne (personal communication) had expected difficulties in inbreeding the 2nd importation because of his previous experience with golden hamsters: 'We found that such problems are prevalent in hamster inbreeding at least through 20 inbred generations and that between F 5 and F 8 there is an increase of nonproductive females'.
The golden hamster is often cited as an example of an animal that was successfully inbred, because the original colony was founded with 3littermates. The point at issue is the distinction between a single bottleneck and sustained close inbreeding. If a population increases rapidly after passing through a single bottleneck, much of the genetic variation present in the founders may be retained, depend- today. Strong (1978) has recorded the difficulties encountered in establishing one of the first strains of inbred mice: 'As the inbreeding animals lost hardiness and vitality, I expanded the number of breeders to increase the margin of safety. Efforts to guard the mice against disease required stringent sanitation standards, and the work of caring for the colony became an increasing burden .... As had been expected, a kaleidoscope of congenital defects began to appear in the mice in advanced generations of inbreeding. Cleft palate, cranial and skeletal malformation, blindness, and such lethal defects as spina bifida began to decimate the ranks of the mice as pairing of recessive genes opened the Pandora's box of hereditary disease and disability Noninbred Inbred ing upon the number of founders and the growth rate of the group (Nei, Maruyama & Chakraborty, 1975) . The original colony of golden hamsters could have retained about 60% of the genetic variation present in the wild population (Fig. 1) . This assumes that a population of about 170 animals was attained by the 5th generation, a reasonable value given the well-known fecundity of this species (Festing, 1972) . Our estimate of retained genetic variation is conservative because it assumes that heterozygotes have no selective advantage. Such heterozygote advantage is the rule in natural and laboratory populations (Wright, 1977; Soule, 1980; Frankel & Soule, 1981) and would result in the retention of even more of the genetic variation present in the founding animals. The existence of considerable variation in hamsters descended from the original importation is also evidenced by the typical problems encountered when they are inbred (P. Newberne, personal communication). It appears that inbreeding tends to produce deleterious effects in small mammals, be they mice, guineapigs, golden hamsters, or exotic species in zoos, and that small mammals are no different from ungulates (Ralls et ai., 1979) and primates (Ralls & Ballou, in preparation) in their susceptibility to inbreeding depression. We recommend that those wishing to develop laboratory or zoo colonies of small mammals from animals captured in the wild avoid inbreeding the animals as much as possible, at least until a large captive population is established. assumingpopulation growth rates. A r = 5·78 per year, the maximum possible growth rate of the population based on biological data presented in UFAW(1972) assumingequal sex ratios in litters. B r = 4·56 per year, based on an estimated growth rate of the short-tailed vole under laboratory conditions (Caughley, 1977) . Approximate generation interval of golden hamsters is 65 days. Numbers indicate the size of the population at each generation for each model. The amount of genetic diversityretained at generation 0 is 0·75, since founding memberswere full sibs.
